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Abstract 
 The present study explores electronic and structural properties, ionization potential (IP), 
electron affinity (EA), polarizability (α), chemical potential (µ), hardness (η), softness (S), band gap 
(ΔE(HOMO-LUMO)) and spectral characteristics of beryllium hydride oligomers by quantum chemical 
treatment. The discrepancies in the calculated reactive descriptors of molecules are presumably due 
to variations in electron distribution and spin pairing near Fermi level. The molecules BeH2, Be3H5, 
Be5H10, Be7H14 and Be9H18 have been found to be more stable than Be2H4, Be4H8, Be6H12, Be8H16 
and Be10H20. Ultra-soft pseudopotentials for electron-nuclei interactions with local density 
approximation (LDA) and generalized gradient approximation (GGA) have been used to understand 
the nature of bonding in crystalline beryllium hydride. The observed band gap value of crystalline 
BeH2 is comparable with the band gap value of beryllium hydride oligomers. 
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1. Introduction 
  The search for new potential compounds with desired properties for hydrogen storage has 
been a continuous challenge among researchers for past few decades [1, 2]. Hydrogen storage in the 
solid state is a better choice compared to the storage in gaseous or liquid state, because storage in 
solid state is safer, less energy intense and requires minimum space. The alkali and alkaline metal 
hydrides, amides, borates and alanates are known to be hydrogen storage compounds with several 
promising applications [3-6]. Beryllium hydride (BeH2) is a simple light weight metal hydride well 
known for its hydrogen storage capability. The crystalline BeH2 was reported as a three dimensional 
array of tetrahedral BeH4 molecules and not as BeH2 chains [7-9].  
 The beryllium hydride oligomers are obtained from the excited beryllium (1Po) atom and 
hydrogen molecule [10]. These are very difficult to synthesize and easily hydrolyzed by dilute acids. 
Because of its high hydrogen storage capacity (18.2 wt%), it is of considerable interest especially for 
use in nuclear reactor and also as a rocket fuel [5]. Therefore, understanding the geometry, stability 
and electronic properties of beryllium hydride oligomers is essential for developing chemical 
methods of hydrogen release and recovery of oligomers. Several theoretical studies emphasizing the 
electron correlations [11], static dipole polarizabilities [12], and electronic structures [13] have been 
reported elsewhere. Chen et al. [14] have reported geometry and binding energies of possible 
beryllium hydride clusters (BeH2)n (where, n = 1 to 4). However, the stability of these oligomers 
towards hydrogen storage applications is not clearly defined. Hence, an in-depth theoretical 
investigation is deemed necessary to explore the various properties such as stability, reactivity, 
electronic structure and spectroscopic parameters of molecules.  
 In the present study, density functional theory calculations at HF/6-311++G**, B3LYP/6-
31+G**, B3LYP/6-311++G**, B3P86/6-31+G** and B3P86/6-311++G** levels have been 
performed to investigate geometry, stability, reactivity, spectral parameters and electronic structure 
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properties of model molecules. The stabilities of beryllium hydride oligomers are determined from 
the frontier molecular orbital energies and their gaps. 
2. Theory and Computational detail 
   Ab initio molecular orbital calculations have been performed for the model molecules using 
the Gaussian 03 quantum chemical package [15]. Structure optimizations have been performed at the 
above mentioned levels. All the geometric parameters were allowed to be optimized and no 
constraints were imposed on the molecular structure during the optimization process. Vibrational 
frequencies were calculated for the optimized structures to enable us to characterize the nature of the 
stationary points, zero-point vibrational energy (ZPVE) and thermal correction (HT). All stationary 
points have been positively identified as local minima with no imaginary frequencies. All the 
correction terms were estimated by using the set of equations [16]: 
 
 
 
 
 
where k is the Boltzmann’s constant, h is the Planck’s constant, f  is the number of vibrational 
degrees of freedom (3N-5 for linear and 3N-6 for nonlinear molecules with N being number of atoms 
in the molecule), vi is ith  vibrational  frequency, R is the gas constant, H is the enthalpy and T is the 
temperature. 
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ΔE(HOMO-LUMO) of model molecules. The chemical potential (µ) and the hardness (η) of the molecules 
were calculated according to ref. [17,18] 
µ = (∂E/∂N)v(r)                                       (4) 
η = (∂2E/∂N2)v(r)                                     (5) 
 Electronic structure calculations based on Kohn-Sham density functional theory are more 
efficient and accurate and therefore the DFT version of Koopman’s theorem naturally becomes an 
interesting topic [19]. The Koopman’s theorem implemented in the density functional theory (DFT) 
will be less precise in contrast to HF (where the values are overestimated) because the Kohn-Sham 
orbital energies in DFT differ from IP by at least 2 eV which is due to the presence of electronic self 
interactions [20]. However, the calculated IP values of the present BeH2 oligomers differ by an 
amount which is roughly same for all.  For comparison purpose we also presented the IP and EA 
values with HF along with DFT values in supporting information. Koopman’s theorem has been used 
to calculate the ionization potential and electron affinity of the beryllium hydride oligomers. The 
ionization potential and electron affinity of the molecule are in general equal to the negative of the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), 
respectively [21, 22]. 
The first principle calculations of crystalline BeH2 were also carried out by using the plane 
wave pseudopotential density functional method using CAmbridge Series of Total Energy Package 
(CASTEP) [23, 24]. We have used ultra-soft pseudopotentials for electron-nuclei interactions with 
local density approximation (LDA) and generalized gradient approximation (GGA). A plane wave 
basis set with energy cut-off 480 eV has been applied. For the Brillouin zone sampling, the 5 x 8 x 5 
Monkhorst and Pack [25] mesh has been used.  
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3. Results and discussion 
 This section presents and discusses the results including the geometry, electronic properties, 
ionization and chemical potentials, electron affinities, softness, hardness, polarizability infrared and 
Raman spectra of model compounds. 
3.1. Optimized structures 
 At the outset, we have performed geometry optimizations of molecules, the optimized 
structures of model oligomers from the B3LYP/6-311++G** level are shown in Figure 1. The 
terminal and bridge Be-H lengths in all molecules are in agreement with the experimental values of 
~1.33 and 1.44 ± 0.04 Å, respectively [10,11]. The calculated Be-H-Be angles vary from 84.54˚ to 
85.91˚ with the method adopted and also with the size of basis set. The molecules are asymmetric 
and are tetragonal with four Be-H bonds i.e., there are two H-Be-H-Be-H planes that are 
perpendicular to each other in the Be3H6 to B10-H20 molecules. With increase the basis set as well as 
the size of the molecules the point groups have been changing from D∞h to Cl. The point groups of 
BeH2, Be2H4, Be3H6, and Be4H8 to B10H20 molecules at the three levels (HF, B3LYP and B3P86) of 
calculations are D∞h, C2v, C2 and C1, respectively. The total energies (E0) and zero point vibrational 
energies (ZPVE) of the oligomers computed from the HF, B3LYP and B3P86 methods with basis 
sets 6-31+G** and 6-311++G** are presented in Table 1. The total energies of the molecules 
calculated from the basis set 6-311++G** with three methods happen to be nearly same. The binding 
energies (BE) of oligomers apparently higher, reveals that the stability of model molecules increases 
with size. The binding energies and lowest harmonic frequencies of molecules are summarized in 
Table 2. 
Furthermore, we have optimized the crystalline BeH2 within LDA and GGA, the optimized 
crystalline structure of BeH2 is shown in Figure 2.  The crystalline beryllium hydride contains twelve 
6 
 
BeH2 units with network of BeH4 tetrahedral molecules in the unit cell. The structural parameters 
such as lattice constants, atomic positions and the band gap with experimental values are listed in 
Table 3. The calculated properties have been found to be in good agreement with the experimental 
values [8]. We also have calculated the electronic band structure, total and partial density of states of 
BeH2. The density of states and band structure of the compound are shown in Figure 3. The direct 
band gap along Γ- Γ direction of the crystalline BeH2 has been calculated to be 5.51eV with LDA 
and 5.58 eV with GGA. The valence band consists of Be-2p states and H-1s states and the 
conduction band is dominated by the Be-2s states. The overlap of Be-2p states and H-1s states at 
Fermi level indicates the presence of sp hybridization in the molecule with covalent character.  
3.2. Electron affinity, ionization and chemical potentials  
 The ionization potential (IP) and electron affinities (EA) provide the information about the 
reactivity and stability of the compounds. It is well known that the compounds with higher IP and 
lower EA values are more stable compared to the compounds with lower IP and higher EA values. 
The chemical potential (µ) characterizes the tendency of electron to escape from the molecule in the 
equilibrium state. Koopman’s theorem has been used to calculate IP, EA and µ of the molecules [21]. 
Electron affinity, ionization and chemical potentials of the model molecules are shown in Figure 4. It 
has been observed that the IP and EA values of oligomers vary with the method and the basis set. 
The IP values decreased with the size of the oligomers.  However, the IP of Be2H4 is less compared 
to that of Be3H6 molecule. A maximum EA value (~0.095 a.u) for the Be2H4 has been noticed. 
However, we have found that the EA values of Be2H4, Be4H8, Be6H12, Be8H16 and Be10H20 molecules 
are higher compared to BeH2, Be3H5, Be5H10, Be7H14 and Be9H18 molecules. The higher EA values 
of Be2H4, Be4H8, Be6H12, Be8H16 and Be10H20 molecules indicates that these could be less stable or 
highly reactive compared to BeH2, Be3H5, Be5H10, Be7H14 and Be9H18 molecules. The variation in 
the EA values of the molecules is probably due to the charge transfer among the atoms within the 
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molecule. The chemical potentials (µ) values of Be2H4, Be4H8, Be6H12, Be8H16 and Be10H20 
molecules are higher than BeH2, Be3H5, Be5H10, Be7H14 and Be9H18 molecules.  
3.3. Hardness, softness and polarizability 
 The hardness (η) and softness (S) are the important factors of the charge transfer resistance 
and these are inversely proportional to each other of the compound [26]. The calculated hardness and 
softness of model oligomers are presented in Figure 5. It is found that the hardness and softness 
values are independent of the method and choice of basis set. According to the principle of 
maximum hardness (PMH), the molecule in the equilibrium state possess maximum hardness and in 
the transition state posses minimum hardness [27, 28]. It has been found that the BeH2, Be3H5, 
Be5H10, Be7H14 and Be9H18 molecules are more stable than others. The dipole plarizability (α) 
measures the distortion of the electron density of the molecules and the response of the molecule to 
the external electric field. The polarizability increases rapidly with size of the oligomers i.e. 
distortion of the electronic density of oligomer is linear with external electric field and it is in good 
agreement with the previous studies [13].  
3.4. Frontier molecular orbital energies 
The stability of the compounds is usually measured by the total energy (for isomers), bond 
length, bond dissociation energy, frontier orbital energy and their gaps, and so on. We have used 
frontier orbital energies to evaluate stability. Fukui et al [29] noticed the prominent role played by 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) in 
governing chemical reactions. It has been revealed in several investigations that the band gap 
(ΔEHOMO- LUMO) in energy between the HOMO and LUMO is an important stability index of the 
molecules [30-33]. A large band gap implies high stability and small gap implies low stability. The 
high stability in turn indicates low chemical reactivity and small band gap indicates high chemical 
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reactivity. In other words, smaller the band gap between HOMO and LUMO, easier the electron 
transition and lesser the stability of the compound will be. The frontier molecular orbitals of model 
molecules obtained from the B3LYP/6-311++G** level are shown in Figure 6.  With increase of the 
monomer units BeH2 of the oligomer, the HOMO has been observed to be a finite graphene like 
structure [34] and observed to be prominent in the model molecules from Be4H8 to Be10H20. As with 
increase of the basis set, the frontier molecular orbital energies and their gaps have been increased. 
The band gap values have been decreased from BeH2 to B10H20 with the method and the basis set.  
The band gaps of molecules vary from 0.294 to 0.242 a.u with the level of calculation and also with 
size of the molecule. The model compounds BeH2 is most stable and Be10H20 is least stable reflected 
from the band gap values. The frontier molecular orbital energies of BeH2, Be3H5, Be5H10, Be7H14 
and Be9H18 have higher values compared to Be2H4, Be4H8, Be6H12, Be8H16 and Be10H20 molecules. 
The frontier molecular orbital energies of the model molecules are shown in Figure 7. BeH2 
oligomers structures are similar like zig zag edge states of finite graphene [34].  The edge states in 
non metallic graphene ribbons are located on length confined zig zag edge as discussed by Shemella 
et al [34], we also observe a similar zig zag edge in the present oligomers. Therefore one can expect 
the similar looking of HOMOs in BeH2 oligomers like finite graphene or nanotubes where they are 
located at the edges. In finite graphene ribbons this typical behavior is observed only for non metallic 
ribbons and which is not the case for metallic graphene ribbons. In the present case we observe the 
HOMO energy levels located at the length confined edge of the oligomers. Since HOMOs are 
localized at the edges, it may be possible to control the band gaps using different functionalized 
groups. 
3.5. Mulliken atomic charges 
 One of the most important property of a molecule is its charge or spin density distribution. 
Although there is no unique definition of how many electrons are attached to an atom in a molecule 
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it has nevertheless proven useful in many cases to perform such population analysis. Due to its 
simplicity the Mulliken population analysis has become the most familiar method to count electrons 
to be associated with an atom. It has been found that the hydrogen and beryllium atoms have 
negative and positive Mulliken atomic charges, respectively.  However, beryllium atoms in Be4H8, 
Be5H10 and Be6H12 molecule have negative charges of two, one and four, respectively. We have 
noticed only two negative charges in Be7H14, Be8H16, Be9H18 and Be10H20 molecules. In general, if 
more electrons are shared by the hydrogen atom, higher is the negative charge. The higher negative 
charges have been observed for the beryllium atoms in Be4H8 to Be10H20 molecules and thus there is 
a possibility of covalent bonding among beryllium and hydrogen atoms.  
The Mulliken population on the charge density distribution of crystalline BeH2 is shown in 
Figure 8. The charges of beryllium and hydrogen atoms of crystalline BeH2 have been  calculated to 
be -0.23, -0.24,  0.50  and  0.45 e for H(1), H(2),  Be(1) and  Be(2) atoms, respectively. The negative 
charge of hydrogen atoms implies the electronegative nature towards beryllium atoms. R. S. 
Mulliken [35] states that “If the total overlap population between two atoms is positive, they are 
bonded; if negative, they are antibonded”. The high positive population indicates the possibility of 
having high degree of covalent character of bond [35, 36]. All Be-H bonds have bond population 
about 0.55 indicating the equal ionic and covalent character. Figure 8 shows the charge density 
distribution of crystalline BeH2. The charge density around H atom has been found to be higher 
compared to beryllium atom. The shape of charge density around hydrogen atoms has been 
appearing to be slightly deformed towards beryllium atoms. Therefore, there may be possibility of 
equal covalent and ionic character of Be-H bonds in BeH2.  
3.6. Infrared and Raman spectra 
  The infrared (IR) and Raman spectra of molecules are obtained from the computed structures 
at B3LYP/6-31++G** levels are presented in Figure 9 & 10. The calculated wave numbers of BeH2 
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and Be2H4 molecules are in good agreement with experimental values [7-9].  It was observed that the 
stretching vibration (1510 cm-1) of Be3H6 molecule has been found to be splitting and has been found 
to be continued in all oligomers. The splitting of vibrational line of 1510 cm-1 has been observed in 
Be3H6 to Be10H20 molecules. However, the wave numbers corresponding to 1900, 1910, 1920 and 
1930 cm-1 in Raman spectra of Be10H20 probably due to the splitting of the line corresponding to 
1810 cm-1.  
4. Conclusion 
 The electronic structure properties of beryllium hydride oligomers have been carried out at  
HF, B3LYP and B3P86 methods with 6-31+G** and 6-311++G** basis sets. The band gap 
ΔE(LUMO-HOMO), ionization potential (IP), electron affinity (EA), chemical potential (µ), hardness (η), 
softness (S) and polarizabilities (α) of beryllium hydride oligomers have been calculated. From the 
band gap, chemical potential, hardness and softness of molecules, BeH2, Be3H5, Be5H10, Be7H14 and 
Be9H18 molecules have been found to be more stable compared to Be2H4, Be4H8, Be6H12, Be8H16 and 
Be10H20 molecules. The IR spectra of BeH2 and Be2H4 molecules were found to be in good 
agreement with the experimental values. The IR spectra of molecules have five fundamental bands 
(475 to 575, 840 to 890, 1410 to 1520, 1610 and 2150 cm-1) that are prominent.  
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Figure Captions 
Figure 1. (Color online) Optimized structures of model molecules computed at the B3LYP/6-311++ 
G** level. The bond lengths are in angstroms and bond angles are in degrees. 
Figure 2. (Color online) Optimized crystalline structure of BeH2 with local density approximation 
(LDA).  
Figure 3. (Color online) The density of states and band structure of crystalline BeH2 with local 
density approximation (LDA).  
Figure 4. (Color online) Electron affinity, ionization and chemical potentials of the model molecules 
computed from the various levels of theory. 
Figure 5. (Color online) The calculated hardness and softness of model oligomers computed from 
the various levels of theory. 
Figure 6. (Color online) Frontier molecular orbitals of the model molecules computed from the 
B3LYP/6-311++G** level. 
Figure 7.  (Color online) The HOMO-LUMO gap of the model molecules computed from the 
B3LYP/6-311++G** level.  
Figure 8. (Color online) The charge density distribution of the crystalline BeH2 with local density 
approximation (LDA).  
Figure 9. (Color online) The infrared (IR) spectra of the molecule are obtained from the computed 
structures from the B3LYP/6-31++G** level. 
Figure 10. (Color online) Raman spectra of the molecule are obtained from the computed structures 
from the B3LYP/6-31++G** level. 
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